Abstract Susceptibility to scrapie is mainly controlled by point mutations at the PRNP locus. However, additional quantitative trait loci (QTL) have been identified across the genome including a region in OAR18. The gene which encodes the inducible form of the cytoplasmic Hsp90 chaperone (HSP90AA1) maps within this region and seems to be associated with the resistance/susceptibility to scrapie in sheep. Here, we have analyzed several polymorphisms which were previously described in the ovine HSP90AA1 5′ flanking region and in intron 10 in two naturally scrapie infected Romanov sheep populations. First, we have studied 58 ARQ/VRQ animals pertaining to the sire family where the QTL influencing scrapie incubation period in OAR18 was detected. We have found a significant association between polymorphisms localized at −660 and −528 in the HSP90AA1 5′ flanking region and the scrapie incubation period. These two polymorphisms have also been studied in a second sample constituted by 62 VRQ/ VRQ sheep showing an extreme incubation period. Results are concordant with the first dataset. Finally, we have studied the HSP90AA1 expression in scrapie and control animals (N=41) with different HSP90AA1 genotypes by real time PCR on blood samples. The HSP90AA1 expression rate was equivalent in CC −600 AA −528 and CG −600 AG −528 scrapie resistant animals (ARR/ARR) and was higher in their CC −600 AA −528 than in their CG −600 AG −528 scrapie susceptible counterparts (VRQ/VRQ). Our results support the hypothesis that the ovine HSP90AA1 gene acts as a modulator of scrapie susceptibility, contributing to the observed differences in the incubation period of scrapie infected animals with the same PRNP genotype.
Introduction
Scrapie (SC) is a transmissible spongiform encephalopathy (TSE) of sheep and goat and has been endemic in sheep flocks for more than 200 years. TSEs occur as hereditary, sporadic, infectious, and iatrogenic diseases in various mammals including man (Prusiner 1998) . Their etiology is still in dispute (DeArmond and Prusiner 1995; Deleault et al. 2003; Dickinson and Outram 1988; Lasmezas 2003; Weissmann 1991; Zeiler et al. 2003) , but the prevailing theory assumes that a phosphatidilinositol-glycan anchored membrane protein called cellular prion protein (PrP C ), a normal constituent of mammalian cells, plays a role in the pathogenesis of these fatal neurodegenerative diseases (Basler et al. 1986; Oesch et al. 1985) . Through unknown posttranslational mechanisms, PrP C is converted into PrP Sc , a protease resistant and less soluble isoform believed to be the causative principle (Prusiner 1982) . However, the mechanism by which PrP Sc causes neurodegeneration remains unclear.
Polymorphisms in the coding region of the prion protein gene (PRNP) are known to be strongly associated with different incubation times in humans, mice, and sheep. Susceptibility to SC is associated with polymorphisms in the amino acid sequence of the PrP protein. This PrP protein of 210 amino acids exists in at least 55 unique variants (Goldmann 2008) . In particular, amino acid changes at positions V136A, R154H, and QH171R in the PRNP are strongly associated with the incidence of SC (Baylis et al. 2004 ). The influence of this polymorphism is well described in sheep with the identification of alleles associated with a higher (ARR/ARR) and lower (VRQ/ VRQ) resistance. However, several quantitative trait loci (QTL) studies showed significant differences in the incubation period for this neurodegenerative disease in mice and sheep with the same PRNP genotype (Carlson et al. 1988; Diaz et al. 2005; Dickinson 1975; Westaway et al. 1987) . Additionally, the existence of a polygenic variance involved in the modulation of the response to SC has been demonstrated (Diaz et al. 2005) . For example, in mice, significant or suggestive evidence for QTLs on different chromosomes has been revealed (Lander and Green 1987; Lloyd et al. 2001 Lloyd et al. , 2002 Manolakou et al. 2001; Moreno et al. 2003a Moreno et al. , b, 2008 Stephenson et al. 2000) . Within these regions, putative candidate genes have been proposed, and in a recent study, the influence of 20 candidate genes have been tested in vivo (Tamgüney et al. 2008) .
Additionally, a QTL region has been identified in OAR 18 in sheep (Moreno et al. 2003a (Moreno et al. , 2008 . Within this region, previous results indicate that the HSP90AA1 gene, which encodes the inducible form of the cytoplasmic Hsp90α chaperone, is a good functional and positional candidate gene acting as a modulator of the response to SC in sheep (Marcos-Carcavilla et al. 2008) .
Studies in Saccharomyces cerevisiae have revealed that prions can exploit the molecular chaperone machinery of the cell in order to ensure stable propagation of the infectious, aggregation prone form. The disaggregation of yeast prion aggregates by molecular chaperones generates forms of the prion protein that can seed the protein polymerization that underlies the prion replication cycle (Jones and Tuite 2005) .
We previously hypothesized that after SC infection, PrP Sc starts to accumulate because its degradation is impaired (Marcos-Carcavilla et al. 2008) . Therefore, Hsp90 could contribute to the correct folding of PrP Sc instead of participating in other functions as the repression of heat shock factor 1 (HSF1) or the maintenance of the 26S proteasome and, thus, result in an increased expression of other heat shock proteins and in a minor proteasomal function. Additionally, as a consequence of the reduced proteasomal activity, the PrP C , which in normal circumstances is efficiently degraded by this machinery, would accumulate in the cytoplasm, increasing the amount of substrate susceptible to being transformed to the PrP Sc isoform.
Based on previous results developed in a sample of 80 ARQ/ARQ Rasa Aragonesa breed sheep pertaining to six different flocks affected by natural SC, we proposed that mutations at −660 and −528 positions in the HSP90AA1 5′ flanking region and six linked SNPs at intron 10 (positions 40, 165, 178, 205, 220 , and 239) could affect HSP90AA1 expression by altering possible transcription and splicing factors binding sites, respectively. Thus, these polymorphisms might affect the development of the disease (Marcos-Carcavilla et al. 2008 ).
The present work aims to corroborate the above mentioned results in a sample of Romanov sheep pertaining to the same naturally SC-infected flock and showing different incubation periods. Real-time PCR studies were also carried out to test the possible effect of the mutations at 5′ flaking region on the HSP90AA1 gene expression rate.
Materials and methods

Animal samples
The 161 animal samples analyzed in the present work have been maintained at the Langlade experimental INRA farm and belong to a flock of Romanov breed which has been naturally infected by SC in 1993 with an incidence close to 30% (Elsen et al. 1999 ). Details about general population and measured phenotype are shown by Moreno and coworkers (Moreno et al. 2008) . Three datasets have been analyzed in the present work. Dataset 1 comprised a sire family (58 ARQ/VRQ animals) where a QTL affecting SC incubation period in OAR 18 (Ovis aries18) was detected (Moreno et al. 2008) . Dataset 2 comprised 62 VRQ/VRQ sheep selected from the total Langlade farm population. Extreme values of SC incubation period corrected for litter size, type of rearing, PRNP genotype of the animal, PRNP genotype of the dam, and lambing season by years have been considered. These effects were selected as in Moreno and coworkers (submitted) . Dataset 3 comprised of 41 live sheep (31 VRQ/VRQ 1.5 years old and 10 ARR/ARR 2.5 years old) which have been selected to study HSP90AA1 expression. No incubation period was available for these samples because the animals were still living at the moment of the sample collection. However, the VRQ/ VRQ sheep showed the first clinical signs of SC. All animals used in these experiments were treated according to EEC recommendations for animal welfare and the supervision of the local INRA Ethics Committee.
Polymorphism genotyping
Previous work comparing SC versus control ARQ/ARQ Rasa Aragonesa sheep identified a total of 34 polymorphisms in the HSP90AA1 locus (Marcos-Carcavilla et al. 2008) . Besides, the possible implication of several mutations at both HSP90AA1 5′ flanking region and intron 10 in Hsp90α synthesis have been proposed (MarcosCarcavilla et al. 2008) . Here, we have analyzed 22 polymorphisms located in these two regions. With this purpose, 60 to 120 ng of genomic DNA were amplified in a final volume of 50 μl containing 1 μM of each primer, 200 μM of dNTPs, 1.5 mM MgCl 2 , 10 μl of 5× buffer MgCl 2 free (promega Go Taq Flexi), 2.5 U Taq polymerase (promega Go Taq Flexi) and 10% DMSO. The following PCR conditions were used for the amplification of the 5′ flanking region: denaturation at 94°C for 5 min, 40 amplification cycles of denaturation at 94°C for 30 s, annealing at 60°C for 1 min, and extension at 72°C for 1 min followed by a final 5 min extension at 72°C. In the case of intron 10, no DMSO was used. The following PCR conditions were used for its amplification: denaturation at 94°C for 5 min, 30 amplification cycles of denaturation at 94°C for 45 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min followed by a final 5 min extension at 72°C. The resulting PCR fragments were purified with MultiScreen HTS™ PCR (Millipore) and sequenced with the primers indicated in Table 1 . For dataset 1, the HSP90AA1 5′ flanking region and intron 10 have been sequenced. For datasets 2 and 3, only the HSP90AA1 5′ flanking region was sequenced.
Association analysis
Dataset 1: The QTL family The genotyping of the ARQ/ VRQ animals of the QTL family was carried out in order to analyze if any of the 22 previously described polymorphisms in the Spanish Rasa Aragonesa breed affecting both the HSP90AA1 5′ flanking region and intron 10 (Marcos- Carcavilla et al. 2008) were associated with SC incubation period. The HSP90AA1 genotype effects of each detected polymorphism were tested using the SAS GLM procedure (SAS 1990 ).
Dataset 2: Extreme animals for the incubation period The C/G and A/G mutations located at −660 and −528 positions in the 5′ flanking region, respectively, were analyzed. The HSP90AA1 genotype effects of each polymorphism were tested using the SAS GLM procedure in each PRNP genotype group (SAS 1990) .
Expression analysis
Total RNA isolation and cDNA synthesis To determine the effect of SC infection on HSP90AA1 expression and the possible differences associated with the mutations at −660 and −528 locations, real-time PCR was performed on dataset 3. HSP90AA1 expression was compared among 5 ARR/ARR CC −660 AA −528 , 5 ARR/ARR CG −660 AG −528 , 15 VRQ/VRQ CC −660 AA −528 , and 16 VRQ/VRQ CG −660 AG −528 animals.
Total RNA was isolated from blood samples using the LeukoLock kit (Ambion) following manufacturer's instructions. In order to avoid contamination with genomic DNA, samples were treated with 3μl of RQ1 RNase-Free DNase (Promega) at 37°C for 30 min. The quality of the RNA was assessed based on the demonstration of distinct intact 28S and 18S ribosomal RNA bands. RNA concentration was determined with the nanodrop spectrophotometer. cDNA was synthesized from 0.5μg of each RNA sample using random hexamers (1μl) and oligo(dT) (1μl) primers with the ImProm-II Reverse Transcriptase (Promega).
Real-time PCR Real-time PCRs were carried out on a Mastercycler ep realplex (Eppendorf) in a final volume of 25 μl containing 12.5 μl of Absolute Blue QPCR Green ROX Mix (ABgene), 2 μl of cDNA diluted 1/20, and 300 nM of each primer. After preheating the mix at 95°C for 15 min, 40 cycles of 95°C for 15 s and 60°C for 1 min were carried out. A melting curve consisting of 95°C for 15 s; 60°C for 15 s; and a ramp of 60°C to 95°C during 20 min was performed afterwards to confirm reaction specificity. All the reactions were run in triplicate. As plate controls, the same two animals were run in each plate. 
Results
Association analysis
Dataset 1: In the QTL families Twenty-two SNPs previously described in the HSP90AA1 5′ flanking region and intron 10 in a Spanish Rasa Aragonesa breed (MarcosCarcavilla et al. 2008 ) have been studied in the 58 sequenced ARQ/VRQ animals pertaining to the family where the QTL associated with the incubation period to SC was previously described in OAR18 (Marcos-Carcavilla et al. 2008; Moreno et al. 2003a ). Among these 22 SNPs, 16 were polymorphic, but only six were represented in more than five animals for the smallest genotype frequency. These SNPs are located at −660, −528, −524, −468, −295, and 84 positions from the HSP90AA1 transcription start point. Among the six observed variations, only the two substitutions located at −660 and −528 positions in the 5′ flanking region, which appear generally linked, showed a significant association (p<0.05) with the SC incubation period. Thus, the incubation period of animals bearing the CC −660 AA −528 and CG −660 AG −528 genotypes were 945 and 781 days, respectively (Table 3 ). The GG −660 GG −528 genotype was not found within the sample used.
Dataset 2: Extreme VRQ/VRQ animals for the SC incubation period The polymorphisms at −660 and −528 locations had a borderline significant effect (p=0.06) in this analysis. These results are concordant with those obtained from dataset 1. Thus, the incubation period in animals bearing the CC −660 AA −528 genotype was slightly borderline higher than in those bearing the CG −660 AG −528 genotype (Table 3 ). The effect of HSP90AA1 polymorphisms in the VRQ/VRQ population is close to the effect observed for ARQ/VRQ. This effect expressed in days is not so high because the VRQ/VRQ population has a smaller standard deviation of incubation period than the ARQ/VRQ population (Table 3) .
Expression analysis
All the animals constituting the sample used in the expression study developed here were chosen from a permanent naturally SC-infected flock. Due to the sample availability, and considering that association analysis can be influenced by many different physiological factors, the possible effect of the mutations at −660 and −528 on HSP90AA1 expression was analyzed in ARR/ARR and VRQ/VRQ animals. ARR/ARR animals have been considered as SC-uninfected animals and VRQ/VRQ animals as SC-infected animals. Results from the GLM analysis showed a significant effect of the HSP90AA1 genotype within the different PRNP groups (p<0.05). (Fig. 1) . No differences between ARR/ARR and VRQ/ VRQ samples were detected in our study if the HSP90AA1 genotype was neglected.
Discussion
In the present work, several polymorphisms which were suggested to be involved in the modulation of the resistance/susceptibility to SC by affecting different putative regulatory elements in the HSP90AA1 gene were studied in order to test their possible implication in SC incubation period. We have found a significant association with the substitutions at positions −660 and −528 in the 5′ flanking region and the SC incubation period in our dataset 1, and these results are concordant with dataset 2. The difference (in day unit) of effect size between VRQ/ VRQ and ARQ/VRQ populations is due to a very different standard deviation of SC incubation time trait in the populations. Using the same scrapie resistance trait, Moreno et al. (submitted) observed also a difference of standard deviation between VRQ/VRQ and ARQ/VRQ populations of Langlade Farm.
Based on these data, we can conclude that polymorphisms at HSP90AA1 locus have a significant effect, with an ARQ/VRQ or VRQ/VRQ PRNP genotype. They appeared to be significant at 10% level in two independent populations having different susceptible PRNP genotypes. Consequently, the effect HSP90AA1 polymorphisms could explain part of the heritability for the SC incubation period not associated with the PRNP genotype (Diaz et al. 2005; Moreno et al. submitted) . In addition, a significant effect of HSP90AA1 was previously found in a SC case control study where selected animals had ARQ/ARQ genotype and came from Rasa Aragonesa breed (Marcos-Carcavilla et al. 2008) . CC −660 AA −528 genotype was also the most resistant genotype. Moreover, the HSP90AA1 gene was located in the confidential interval of QTL of chromosome 18 found On the other hand, expression results revealed no differences in the HSP90AA1 transcription rate between CC −600 AA −528 and CG −600 AG −528 animals presenting the SC-resistant PRNP genotype (ARR/ARR). Conversely, HSP90AA1 expression was higher in VRQ/VRQ CC −600 AA −528 and lower in VRQ/VRQ CG −600 AG −528 SC animals (Fig. 1) .
Interestingly, in a parallel study (Marcos-Carcavilla et al. 2009 ) performed on ARR/ARR Manchega sheep breed, it has been observed that after several days of high temperatures, HSP90AA1 expression increased significantly (p< 0.05) in animals bearing the CC −660 AA −528 genotype. Conversely, no significant differences were detected in their CG −660 AG −528 counterparts. No changes were observed in any of these genotypes in the same group of animals when the samples were collected in spring, when daily maximum temperatures were still moderate. These data support the hypothesis that mutations at −660 and −528 affect HSP90AA1 inducible expression under stress conditions. Thus, animals induce expression of this chaperone when they are exposed to a stressor. In the case of ARR/ARR animals, high temperatures were enough to trigger a response while no changes were observed as consequence of prion infection. This fact could indicate that prion infection, or at least the SC strain of Langlade, is not a source of stress in ARR/ARR animals. These results, together with the data presented here, lead to the hypothesis that the polymorphisms at −660 and −528 in the HSP90AA1 5′ flanking region modify the inducible expression of this gene.
It is necessary to consider that most changes in transcript abundance, whether they reflect effects of mRNA and protein stability or adaptive alterations in protein concentrations, are likely to be important. In this regard, stressful stimuli, as prion deposition or temperature changes, might trigger different signaling pathways which will lead to the activation of different transcription factors which will exert different effects depending on both the target gene and additional transcription factors they interact with. In the context of the present study, the SNPs at −660 and −528 positions could be altering binding sites for zinc-finger protein (ZBP-89) and Sis-inducible factor (SIF) transcription factors, respectively. ZBP-89 is ubiquitously expressed and possesses multiple functions, including transcriptional regulation of a variety of genes (Bai et al. 2002; Bai and Merchant 2003) , cell growth (Bai and Merchant 2003) , cell growth arrest (Remington et al. 1997) , and cell death (Bai and Merchant 2001) . The (C)(C)CCCCCCC/gA sequence, located between −667 and −660 positions, is identical with a ZBP-89 binding site described in the 5′ region of the vimentin gene (GGACCCCCCCC) by Zhang and coworkers (2003) . ZBP-89 acts both as transcriptional activator and repressor (Yamada et al. 2001) .
On the other hand, the SNP at −528 affects a putative SIF binding site (CCCG/aTM). The sequence of this putative regulatory element is very similar to the core sequence of the SIF binding site described by Wagner and coworkers (1990) in the c-fos promoter (CCCGTC). SIF complexes are dimerized forms of signal transducers and activators of transcription factors which, after being activated by different ligands, translocate into the nucleus to direct the transcription of specific target genes (Wang et al. 2006) . Different HSP90AA1 transcription efficiency might have important effects on SC incubation period. Prion accumulation might sequester cytoplasmic Hsp90 (Hsp90 α and Hsp90 β) leading to the activation of the HSF1 and, hence, the activation of the stress response and compromising the proteasomal activity. Several transcription factors will participate in the restoration of Hsp90 normal levels. Thus, mutations at these sites might yield different rates of ovine HSP90AA1 transcription due to positive or negative interactions between these factors. This fact might have consequences in SC development by affecting prion aggregation and/or degradation.
Results obtained in the present work support the hypothesis that the ovine HSP90AA1 may act as a modulator of scrapie susceptibility. We have demonstrated that the polymorphisms at −660 and −528 in the HSP90AA1 5′ flanking region modify the inducible expression of this gene. The G −660 G −528 allele is associated with higher susceptibility to SC, possibly due to a reduced efficiency in HSP90AA1 transcription. Although additional experiments need to be carried out, it is important to specify that our results have been obtained from two independent populations with different PRNP genotypes.
